Eight local earthquakes were recorded during the operation of a small-aperture seismic array at Pinyon Flat, California. The site was chosen for its homogeneous granitic geology and its planar topography. Amplitude spectral ratios for the same signal measured at different stations had average values of less than 2 and maximum values of 7. Magnitude-squared coherences were estimated for all station pairs. These estimates were highest for the P wave arrivals on the vertical component and lowest for the P wave recorded on the transverse component. At 500 m station separation the P and S waves were incoherent above 15 Hz and 10 Hz, respectively. Coherence for both the P and S waves decrease as frequency increases and as distance increases. The coherence of signals from borehole sensors located at 300 and 150 m depth displays higher average coherence than equally spaced sites located on the surface. The results here suggest that even for sites that appear to be very similar, that is, those which are located on a planar surface within a few meters of granite bedrock, the measured seismic wavefield can be distorted substantially over scale lengths of 500 m. Coherence properties were calculated from synthetic seismograms which were computed for velocity models with exponential and self similar distribution perturbations. Standard deviations of 10% are not sufficient for the random velocity distributions to approximate the results from the small-aperture array.
INTRODUCTION
It is assumed for measurements of local earthquakes with small source dimensions that the seismic energy is coherent near the source for small perturbations of takeoff angles. As the signals propagate through the Earth they become less coherent due to scattering, but the coherent frequency bands should contain significant information about the seismic source. In recent years there has been considerable interest in the variation of seismic waveforms measured at inter-station spacings of tens to hundreds of meters. Several studies have demonstrated considerable variability in the seismic wavefield over these short distances. The response of shallow sediment-filled valleys was carefully measured by King and Tucker [1984] and Tucker and King [1984] , who placed an array with this range of station spacings across the Chusal and Yasman valleys in the Soviet Union. Tucker et al. [1984] examined the differences between stations located on hard rock which included ridge, slope, and tunnel sites. McLaughlin et al. [1983] investigated the wavenumber spectra from, and coherence between, stations in a small array that recorded a nearby nuclear explosion. This array was located on Pahute Mesa in the Nevada Test Site at a level location but in a complex geological setting. There was significant incoherent energy above 6 Hz for P waves and above 4 Hz for S waves. They found that the correlations between stations is higher in the direction transverse to propagation.
In this paper, results are presented from a study of the variability of seismic spectra and the spatial coherence of the seismic wavefields over horizontal distances of 50-500 m. These data were recorded on a nine-station seismic array operated on a fairly level granitic terrain for eight months in 1985. Eight events, [ 1982] . The heavy circle shows the radius of this seismic array.
Fig. 1. Geology and topography of Pinyon Flat from Wyatt
The near-surface geology of the PFO site has been studied in some detail. Wyatt [1982] found the top 1 m of ground to be almost totally decomposed granodiorite. This grades into grus, then corestones, and becomes jointed granodiorite at a depth of 25 m or less. In the same study, results of a shallow seismic refraction survey at PFO were presented. This survey showed that the compressional velocities were confined by the extremal bounds to 2.0 km s - 
EXPERIMENTAL DESIGN
For this experiment it was important to ensure that the transfer functions of the sensors and the recording instruments at the sites were very nearly identical so that the differences between the recorded signals were caused solely by the differences in ground motion at each recording site. To accomplish this result the design, construction, and equipment setup at all the individual recording sites were as identical as possible.
The Each station was battery powered. The digital recorders were modified to ruff off a single external 1 MHz clock to synchronize the taking of each data sample across the array. Each digitizer operated with its own independent trigger. The equipment was serviced at intervals of 10 to 14 days. After the data were recorded in the field the cassettes were returned to the U.S. Geological Survey (USGS) labs at Menlo Park and played back onto a computer. Each event from each digitizer was plotted and Coherence Array Layout seismograms for the three components for a given event show some similarity to each other during the P and S phases while the coda for each phase appears to be random in character. checked for recording problems or false triggers. Events that were recorded on five or more stations were chosen for detailed analysis.
THE DATA SET
During the operation of this array from late January to September 1985 there were eight events that triggered five or more recorders simultaneously. These events had local magnitudes Mr between 2.6 and 3.9, as estimated from the southern California seismic network array data [Norris et al., 1986; Given et al., 1987] . The events, marked with asterisks in Figure 2 , have epicentral distances ranging from 14 to 42 km and depths between 4 and 16 km. None of these events were in the same place, and there were seven independent azimuths for this set of earthquakes. Table 1 shows various source parameters including locations, epicentral distance and azimuth from PFO, local magnitude, seismic moment, and stress drop. The moment and stress drop estimates were calculated from data collected on the Anza seismic array using the method described by Fletcher et al. [1987] .
An example of a seismic time series from this experiment is shown in Figure 4 . The figure displays the transverse components of event 8, located 17 km southwest of the array. Note that the visual correlation between each series is apparently quite low for all parts of the seismogram except for the large low-frequency pulse at the beginning of the shear wave arrival. In general, the
DATA ANALYSIS TECHNIQUES
Since we are dealing with short time series and have all the attendant problems of spectral leakage and variability for the estimates, we decided to use the multiple-taper spectral analysis technique devised by Thomson [1982] . The application of this technique for calculation of spectra from seismic data has been described by Park et al. [1987] . We used a slightly modified form for the calculation of the spectra described here. A derivation of these modified equations is given in the appendix. In practice, spectra calculated by both methods from the same data are similar in appearance.
The multitaper power spectral method attempts to minimize the bias due to spectral leakage outside a chosen bandwidth. 
F/ t=l Miller [1974] points out that it is beneficial, if possible, to transform the statistic 0 so that its underlying probability distribution becomes more Gaussian. This can be important when estimating standard errors on quantities such as variance, which has a range of [0, oo), or magnitude squared coherence, which has a range of [0, 1]. The transformations used to convert to a more normal distribution for power spectra are O(f)=log(S(f)) [Miller, 1968] ' and for magnitude-squared coherence,
(f) -arctanh (x[y 2 (f) ) [Jenkins and Watts, 1968 ].
To create the K-deleted estimates Oi with i-1 ..... K to be used for the estimation of power spectra variance, (2) is modified to
Equations (3) and (4) are modified in a similar manner to determine the deleted estimate of magnitude squared coherence.
DATA ANALYSIS
The analysis of the body wave phases for each event starts with the rotation of the time series into radial and tangential components followed by calculating the power spectrum of each component. For this data set a time-bandwidth product (NW) of 6.5 with 12 tapers was used in each computation. This gives at most 24 degrees of freedom for S(f) at each f. The time series have been adjusted in time by synchronizing to the P wave arrivals. Each spectrum used 2 s of the time series centered on the particular phase of interest, as shown in Figure 4 . Next, the spectra from each station were combined to estimate an average of the log spectrum, SA(f), using the following equation:
where Si(f) is the spectrum at station i and N is the total number of stations. The 95% confidence limits C_+ ( predicted by ro -2 or Brune's model and confirmed by observation.
The velocity power peak for all phases is found to be between 5 and 22 Hz.
A remarkable feature of the averaged log spectra is their variance. The 5-95% confidence limits o•_+(f), determined from the variance of the log spectra between stations, has a mean value of approximately 4 but can vary from 1.4 to over 13.0 as a function of frequency. For reference, the ratio of the 5-95% quantities of a X224 distribution is 2.83. This comparison suggests that the variance probably is caused by an unmodeled process and is not cahsed by noise in the measurements. On closer examination of individual spectra, they can be divided into low-and highfrequency parts by their variance. The individual spectra used to form the averaged log spectra in Figure 5a are shown in Figure  5b . From 0 to 15 Hz all the spectra are similar, differing by a scale factor. The detailed structures of the spectra are not correlated in the band above 15 Hz for these P waves. The S waves display similar phenomena except that decorrelation starts at approximately 10 Hz. This feature cannot be explained by the error estimates of the individual spectra indicating that different processes are at work at different sites. The average double-sided 95% confidence limit for each spectrum is shown on the plot and is much smaller than the differences between spectra. Clearly the details of the seismic body wave spectra above 15 Hz for P waves and above 10 Hz for S waves are controlled by variable localized site effects even at these short station spacings of less than 500 m.
The second part of the analysis is an examination of the coherences between each station pair for every event. The coherences were calculated using data aligned to maximize the cross correlation between waveforms, and using the same spectral parameters (2 s of data, 12 tapers, time-bandwidth product NW = 6.5) as in the power spectrum estimation. If the seismic wavefield is coherent near the source, then the difference between these observations must be caused by path effects. The variability of these estimates makes it difficult to characterize expected ?,2 properties using only single sets of station pairs or data from just one event.
The process of finding a general set of properties using all the ?,2 estimates for each component of the P and S waves (115 and 140 estimates, respectively) starts by examining the signal-tonoise properties of the power spectra. If the instrumental or ground noise is a significant fraction of the measured signal, then estimates of the signal coherence between two points will be A set of synthetic seismograms was calculated for P wave propagating through a model with the same parameters as the twodimensional self-similar medium using the same program by Frankel and Clayton [1986] . Figure 11 displays To make a direct comparison between the prior results and the current data set, both average and maximum amplitude spectral ratios were calculated for the vertical components of the P waves and the transverse components of the S waves as shown in Figures  13 and 14 . Each trace in these plots shows the spectral ratio as a function of frequency for one event. The average spectral ratios for this array can be as high as a factor of 2, while the individual peak maximum values reach almost a factor of 7. The station pair with the maximum spectral ratio for an event can be different for different frequencies. This is caused by the intermixing of the spectra which is shown in Figure 5b . Careful examination of all events show that the station pair with the maximum spectral ratio at a specific ,frequency changes from event to event. The spectral ratio also varies from event to event for each particular station pair. The average spectral ratios are comparable to the hard rock site results of Tucker et al. [1984] , but the peak values meet or exceed the peak ratios which King and Tucker [1984] The observation that the seismic waves are incoherent at the frequencies where fc is estimated for these events indicates that the comer frequencies might not be reliably determined and may be modified by local site effects. One possible explanation for low coherence at the comer frequencies is that the time windows used for analysis were too long and contained scattered energy after the initial coherent body wave pulse. Results from time windows of 0.5 s did not vary significantly from those calculated with 2.0-s windows. However, it is possible to argue that since the comer frequency indicates a source duration of less than 0.1 s, the window lengths for the coherence analysis should be equally short. In this experiment the estimates of coherence would then be calcu- :• 6--.
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CONCLUSIONS
During the operation of this small-aperture seismic array at Pinyon Flat, California, eight earthquakes were recorded. The site was chosen for its homogeneous granitic geology and its planar topography. The sensors and analog filters in the data loggers were all calibrated and had identical response functions. Power spectra were calculated for each body wave arrival. The spectra for each seismic phase and sensor component were log averaged together. A two standard deviation confidence limit was calculated, which is, on average, a multiplicative factor of 3 times the mean spectral level. Magnitude-squared coherences were calculated for all recordings at different sites. The magnitude-squared coherence estimates were highest for the P wave arrivals on the vertical component and lowest for the P wave recorded on the transverse component. Coherence for both the P and S waves decreases as frequency increases and distance increases.
The results here suggest that even for sites that appear to be optimal based on surficial features, the measured seismic wavefield can be distorted substantially over scale lengths of 500 m. For sensors located within this distance, the general properties of the spectra are consistent, but the details are uncorrelated at higher frequencies. Synthetic seismograms were computed for velocity models with exponential and self similar distribution perturbations from which their coherence properties were calculated. Standard deviations (-10%} are not sufficient for the random velocity distribution models to approximate the experimental results from the small-aperture array.
Even though the surface geology and topography are constant, a near-surface weathering layer with variable depth could cause this phenomenon. If so, a possible way to avoid this problem at this site is to place the sensors in boreholes. The coherence of signals from borehole sensors located 150 m apart vertically display higher averagg coherence than equally spaced sites located on the surface. To resolve whether a variable depth weathering layer is the source of the incoherence for the surface measurements at this location, data from closely spaced boreholes would have to be obtained and analyzed.
APPENDIX: MULTIPLE WINDOW SPECTRUM ANALYSIS
The multiple prolate window method is a the modem replacement for band-averaging methods whose advantages are summarized by Thomson [1982] . This appendix gives derivations for both the univariate and multivariate cases that differ slightly from the original forms of Thomson [1982] .
Given a regular data sequence x(n), n=l .... N, its discrete Fourier transform (DFT) is defined by 
